Dear Editor,
In response to certain stimuli, animal and plant cells activate genetic and biochemical programs resulting in cell death, a process known as PCD. 1 A large volume of information on animal PCD is now available. 2, 3 In contrast, less is known about plant PCD. It has been shown that there are certain morphological and biochemical similarities between plant and animal PCD. 4 Thus, it is useful to compare the PCD of plants and animals in developing strategies to study PCD in plants.
One of the features found in certain PCD is the release of cyt c from mitochondria to the cytosol. 1, 5, 6 This initiates a process leading to DNA fragmentation, and eventually to biochemical execution of the cell. 7 The evolutionary and biological significance of the involvement of the mitochondrion, an organelle known for its life-sustaining role with its energy conversion ability, in PCD is not clear. Plant cells have another energy conversion organelle, that is, the chloroplast. While the mitochondrion converts one form of chemical energy to another, the chloroplast converts light energy to chemical energy. In spite of this difference, both organelles utilize electron transport chains in their energy conversion. There are similarities as well as variations among the components of the electron transport chains of these two organelles. For example, cyt f is found in chloroplasts but not in mitochondria. Cyt f is a c-type cytochrome characterized by the covalent attachment of the heme to the polypeptide chain via thioether linkages, which are formed from two vinyl groups of heme and two cysteine residues provided by the CXXCH motif sequence (X denotes any amino acid). 8 We have previously found that cyt f release from eggplant chloroplasts could be induced by palmitoleic acid (16:1). 9 We have also observed that 16:1 induces death of eggplant cells. While the chloroplast has been found to be associated with certain forms of cell death 10, 11 we are not aware of any information on the involvement of cyt f in the process. Here, we report our investigation on whether cyt f release plays a role in the death of eggplant cells.
Cultured eggplant cells treated with 16:1 underwent cytoplasmic shrinkage and condensation (data not shown). 16:1 also caused shrinkage and collapse of eggplant protoplasts ( Figure 1a) . As it was easier to monitor protoplasts than irregularly shaped cells and cell colonies, we used protoplasts in this study. Death of protoplasts was accompanied by changes in their nuclei. Nuclei of untreated protoplasts stained with DAPI (4,6-diamidino-2-phenylindole) exhibited bright blue fluorescence which stayed unchanged throughout the experiment (Figure 1b ), but the fluorescence of the nuclei of the treated protoplasts gradually became diffuse, dispersed, and eventually disappeared ( Figure 1a ). These changes were concurrent with protoplast shrinkage and collapse. DNA damage was also revealed by the TUNEL assay for nicked DNA and DNA breaks 12 as 16:1 treatment rendered the protoplasts TUNEL positive ( Figure 1c ).
Release of cyt f was probed with an antiserum raised against a synthetic peptide corresponding to the first 21 amino acids of the mature N-terminus of the cyt f protein. Two cyt f proteins (38 and the 39 kDa) were found in the membrane fraction and none in the cytosolic fraction. 16:1 treatment led to the disappearance of the 38 kDa cyt f from the membranes and its appearance in the cytosol, suggesting its release from the membranes into the cytosol (Figure 1d ). The release was detected within 10 min of treatment (Figure 1e ). Thus, cyt f release apparently preceded protoplast collapse and nuclear disintegration, which was not evident until 20 min after treatment.
16:1 could directly affect chloroplasts (Figure 1f ). Intact chloroplasts possess three membranes (outer, inner, and thylakoid). Under a phase contrast microscope an isolated chloroplast is seen to possess a halo, which is dependent on the integrity of the outer and the inner envelopes. 13 As such, the halo is a convenient marker for chloroplast integrity. 16:1 treatment was found to cause shrinkage of the outer membrane, but swelling of the area surrounding the thylakoid membranes, leading to the rupture of the chloroplast as manifested by the disappearance of its halo within approximately 7.5 min (Figure 1f ). Electron microscopy study showed that the in vivo chloroplasts within a protoplast treated with 16:1 also collapsed but it took over 12 min (Figure 1g, h) . The release of cyt c from mitochondria has been found to be associated with the swelling and rupture of mitochondria.
14 Chloroplast rupture was also associated with cyt f release (Figure 1i) . In untreated chloroplasts, cyt f proteins (38 and 39 kDa) were only found in the thylakoid membranes (Figure 1i ). Following 16:1 treatment, while the 39-kDa cyt f remained in the thylakoids, the 38-kDa cyt f now was found in the stromal extract (Figure 1j) .
It has been demonstrated that Ba 2 þ is able to block both cyt c release and death of Hela cells treated with apoptotic-inducing agents. 15 Ba 2 þ was also found to prevent the release of cyt f and provide relatively effective protection to the protoplasts from collapse and nuclear damage induced by 16:1 (Figure 1k,  1l) . Spermine (Spm) also prevented cyt f release, but was less effective in protecting the protoplasts from collapse (Figure 1l (Figure 1n, 1o) .
Cyt c has been found to be able to directly affect nuclei. 16, 17 As 16:1 affects in vivo nuclei (Figure 1a, b) , we used isolated nuclei to examine whether 16:1 exerts its effect directly or via other intermediates. Nuclei incubated in cytosolic extract from untreated protoplasts and stained with DAPI had a bright blue florescence and a smooth appearance (Figure 1p ). 16:1 had no direct effect on nuclei, indicating that the effects of 16:1 were mediated by other factor(s) (Figure 1p ). Indeed, nuclei incubated in cytosolic extract from 16:1-treated protoplasts 1, Cyt f, and cytosolic extracts (CE) from protoplasts and stromal extract (SE) from chloroplasts. All nuclei except for (c) were treated with cytosolic extract from control protoplasts. The images from top to bottom, right to left: CE from control protoplasts, þ 50 mM 16:1, CE from 16:1-treated protoplast, þ SE from control chloroplasts, þ SE from 16:1-treated chloroplasts, and þ Cyt f (2 mM). The bar indicates 5 mm. All experiments were repeated at least three times and similar results were obtained showed a reduction in fluorescence and nuclear volume (Figure 1p) , suggesting that the extract contained the factor(s) affecting the nuclei. Similarly, stromal extract from untreated chloroplasts had no effect (Figure 1p ), but extract from 16:1-treated chloroplasts did (Figure 1p) , suggesting tht the factor affecting the nuclei could be found in the 16:1-treated chloroplasts. Turnip cyt f obtained from Sigma s , St. Louis, USA, produced effects similar to that caused by the extracts of 16:1-treated chloroplasts or protoplasts (Figure 1p ). As cyt f was found only in the supernatants of the 16:1-treated chloroplasts and protoplasts, the results taken together suggest that cyt f was an intermediate responsible for the 16:1 effects.
In summary, this study demonstrates that cyt f release induced by 16:1 is accompanied by cell death. Preventing cyt f release by Ba 2 þ and Spm could at various degrees protect the protoplasts and chloroplasts from collapse. 16:1 does not directly caused damage of nuclei, but extracts from 16:1 treated protoplasts and chloroplasts do. As both of these extracts contain cyt f that can directly cause damage to isolated nuclei, the results suggest that released cyt f plays a role in cell death.
